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Summary of Research 
(May 1, 1968 - October 31, 1968) 
The major goals of t h i s  r e s e a r c h  are  t o  g e n e r a t e  
a deep unders tanding  of communication channels  and 
s o u r c e s  and t o  u s e  t h i s  unders tanding  i n  the development 
of r e l i a b l e ,  e f f i c i e n t  communication techniques .  
1, O p t i c a l  Communication 
The fundamental  l i m i t a t i o n s  and e f f i c i e n t  u t i l i z a t i o n  
of o p t i c a l  channels  a r e  t h e  g e n e r a l  concern of t h e s e  
i n v e s t i g a t i o n s .  Our i n t e r e s t s  i n c l u d e  t h e  t u r b u l e n t  
atmospheric channel ,  t h e  cloud t r ansmiss ion  channel ,  
quantum-limited channels ,  and s c a t t e r  channels ,  The 
i n v e s t i g a t i o n s  range  f r o m  channel  modeling i s s u e s  
through f e a s i b l e  near  -optimum communication sy s t e m s  
t o  fundamental  coding theorems. 
The -performance l i m i t a t i o n s  imposed by atmospheric  
t u rbu lence  i n  the absence of quantum e f f e c t s  h a s  been 
-determined The optimum r e c e i v e r  for t h i s - c h a n n e l  
d i f f e r s  f r o m  t h o s e  normally employed i n  t h a t  it 
u t i l i z e s  the s p a t i a l  d i v e r s i t y  i n h e r e n t  i n  the 
f l u c t u a t i o n s  of the f i e l d  a c r o s s  the r e c e i v i n g  a p e r t u r e .  
S i n c e  a r e c e i v e r  which u t i l i z e s  this d i v e r s i t y  i n  t h e  
t forward  way is o f t e n  ex t remely  complicated,  
cont inues .  
A d o c t o r a l  l e v e l  i n v e s t i g a t i o n  of t h e  l i m i t a t i o n s  
imposed by t h e  t u r b u l e n t  atmosphere upon h igh  r e s o l u t i o n  
astronomy, or , s u r v e i l l a n c e ,  h a s  a l s o  been completed. 
The p r i n c i p a l  conc lus ion  i s  t h a t  s i g n i f i c a n t  g a i n s  
i n  performance can be r e a l i z e d  for " b r i g h t "  objects 
through t h e  u s e  of d a t a  p rocess ing  t echn iques  sugges ted  
by s t a t i s t i c a l  e s t i m a t i o n  theory .  However, these 
t echn iques  invo lve  a s u b s t a n t i a l  amount of d a t a  p rocess ing ,  
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I n  o t h e r  a r e a s ,  t h r e e  d o c t o r a l  l e v e l  i n v e s t i g a t i o n s  
have been completed,  One of t h e s e  i s  concerned wi th  
t h e  s t r u c t u r e  and performance of  o p t i m u m  quantum r e c e i v e r s  
for random phase and for f a d i n g  channe l s  used i n  conjunc- 
t i o n  wi th  o r thogona l  waveform a lphabets .6  A n a l y t i c a l  
d e s c r i p t i o n s  of t h e  r e c e i v e r s  have been developed and 
e x p o n e n t i a l l y  correct bounds t o  t h e  error p r o b a b i l i t y  
have been determined.  One conclus ion  h a s  been t h a t  
quantum effects cannot  be accounted for by an a d d i t i v e  
"quantum" no i se .  
The l i m i t a t i o n s  upon t h e  t r a n s m i s s i o n  of i n f o r n a t i o n  
by combined temporal  -and s p a t i a l  modulation, e.g., by a 
sequence of "images", i s  t h e  s u b j e c t  of another  
completed d o c t o r a l  t h e s i s  e 7  
between t i m e ,  bandwidth, a p e r t u r e  s ize ,  and background 
The fundamental  r e l a t i o n s h i p s  
n o i s e  w e r e  of p a r t i c u l a r  concern i n  t h i s  i n v e s t i g a t i o n .  
A p r i n c i p a l  r e s u l t  h a s  been a more complete under- 
s t a n d i n g  of t h e  number of degrees of freedom con ta ined  
w i t h i n  a . s p e c i f i e d  r e g i o n  of t h e  time-frequency-space 
domain. 
A model for communication through c louds  h a s  been 
developed i n  a t h i r d  d o c t o r a l  thesis.* 
p r i n c i p a l  r e s u l t s  -were the .conclus ion  t h a t  t h e  r ece ived  
process i s  Gaussian and a d e t e r m i n a t i o n  of t h e  amount 
Among t h e  
5' . 
a f  s p a t i a l  - d i v e r s i t y  i n h e r e n t  i n  t h e  channel?  The 
performance of cloud channels  when t h e  n o i s e  i s  
adequate ly  described by an a d d i t i v e  whi te  Gaussian 
process was a l s o  determined.  
2- _I__ Coding_ for N o i s y  Channels and for Sources  
4 d o c t o r a l  t h e s i s  on sys t ema t i c  convo lu t iona l  codes 
and on t h e  s e q u e n t i a l  decoding of sys t ema t i c  convo lu t iona l  
codes h a s  been completed.' E a r l i e r  resul ts ' '  showed t h a t  
wi th  maximum-likelihood decoding,  t h e  exponen t i a l  
dependence of  error p r o b a b i l i t y  on code c o n s t r a i n t  
l eng th  f o r  sys t ema t i c  codes i s  a f r a c t i o n  m / ( m + l )  of 
t h a t  for nonsystematic  codes,  where m i s  t h e  number of  
check d i g i t s  pe r  in format ion  d i g i t  i n  t h e  code. La te r  
r e s u l t s  show t h a t  t h e  error p r o b a b i l i t y  f o r  s e q u e n t i a l  
decoding of  sys t ema t i c  convolu t iona l  codes i s  cons iderably  
h ighe r  than  t h e  error p r o b a b i l i t y  f o r  maximum-likelihood 
_ -  - 
decoding and i n d i c a t e  t h a t  under most c i rcumstances,  
nonsystematic  codes should be used i n  s e q u e n t i a l  decoding 
a p p l i c a t i o n s .  
. - _ _ -  
Another d o c t o r a l  r e sea rch  p r o j e c t  i s  cen te red  
around t h e  problem of t r a n s m i t t i n g  a d i s c r e t e - t i m e  
Gaussian source over  an a d d i t i v e  white  Gaussian n o i s e  
channel  w i t h  a mean square  error c r i t e r i o n -  It  h a s  
been shown t h a t  i f  t h e  success ive  source samples a r e  
independent ly  processed for t r ansmiss ion ,  by any means 
a t  a l l ,  t h e  r e s u l t i n g  mean square error, i n  t h e  l i m i t  
of h igh  s i g n a l  t o  n o i s e r a t i o s ,  m u s t  be a t  l e a s t  6 db  
h igher  t han  t h e  minimum mean square error ach ievab le  
wi th  j o i n t  p rocess ing  of t h e  source samples,  I t  h a s  
a l s o  been shown t h a t  a p rocess  e s s e n t i a l l y  e q u i v a l e n t  
t o  d i s c r e t e  t i m e  F M  and t o  PPM y i e l d s  a mean square  error 
approximately 8 dp h ighe r  t han  t h e  minimum achievable  
wi th  j o i n t  p rocess ing .  Work i s  p rogres s ing  on t h e  
c a s e  of smal le r  s i g n a l  t o  n o i s e  r a t i o s  and on achiev ing  
a closer t i e  i n t o  c l a s s i c a l  modulation theory .  
A t e x t  book’’ on Informat ion  Theory and coding 
f !  
t echniques  h a s  a l s o  been completed. Along wi th  
provid ing  s imple t r e a t m e n t s  of the well-known r e s u l t s  
i n  t h e  f i e l d ,  t h e  book g i v e s  cohesion t o  many p rev ious ly  
d i s j o i n t  t o p i c s  and p r e s e n t s  numerous p rev ious ly  
unpubl ished r e s e a r c h  r e s u l t s .  
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